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With a lifetime prevalence of 16.2% in the United States, major depressive disorder (MDD) is a common disorder affecting many people (1) . Projections for 2030, reported by the WHO, show that MDD will become the second most debilitating disease worldwide (2) . However, despite many pursuits of research groups into improving diagnostics and prognostics, MDD prevalence is still high (3) . Improving differential diagnostic procedures should lead to a more reliable distinction between MDD and other mental disorders with overlapping symptoms, ultimately enabling better prognosis with more effective treatment.
Changes in affect, in particular a depressed mood, is one of the diagnostic criteria of MDD (4) . A model that focuses on affect, also known as the approach-withdrawal hypothesis, was developed to describe basic features of emotional affect (later described as the diathesis model by Davidson and Tomarken in 1989 (5) ).
According to this model, two major motivational systems in response to stimuli exist:
one is appetitive whereas the other is aversive. This corresponds to positive and negative affect respectively, inducing approach or withdrawal behavior. The balance in the activation of these systems is also assumed to be reflected in differential activity in the EEG. In particular, anterior left activation (reflected by relatively diminished anterior left alpha activity, compared to right) was hypothesized to correspond with appetitive behavior (approach), and anterior right activation (reflected by relatively diminished anterior right alpha activity, compared to left) was hypothesized to correspond to aversive behavior (withdrawal) (6, 7) . This asymmetry between left and right frontal alpha is referred to as frontal alpha asymmetry (FAA).
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T 6 Initial EEG studies comparing depressed people with controls indeed provided evidence for left-sided FAA (higher left than right frontal alpha activity) in depressed patients (5, (8) (9) (10) (11) , compared to a dominant right-sided FAA in controls (12, 13) . Note that left-sided FAA is inversely related to relatively greater right than left cortical activity, as cortical processing typically results in a reduction of synchronous rhythmic activity (e.g. a reduction in alpha power). A significant correlation between FAA and Behavioral Activation System (BAS) sensitivity (of which low scores indicate a predisposition toward certain types of MDD), suggested that this pattern of FAA "…may hold prognostic value for identifying those at risk for psychopathology characterized by a deficiency in approach motivation (e.g. depression)" (14) .
Furthermore, left-sided FAA is hypothesized to specifically expose subgroups reporting anhedonia (a common MDD symptom described as diminished interest or experience of pleasure), while anxious apprehension, related to an opposite pattern of right-sided FAA, might possibly mark another subgroup (15) . Defining such subgroups needs further investigation.
Although recent studies have confirmed an association between MDD and FAA (16) (17) (18) (19) , which was also reflected by two reviews (20, 21) indicating a limited influence of operationalization of depression. Several studies and reviews (17, (34) (35) (36) (37) (38) (39) (40) have indicated that methodological aspects could explain discrepant findings, such as the EEG reference montage and frequency range considered. Further, the FAA calculation is not often discussed in studies and reviews, but varies in normalization application. Normalizing by dividing F4-F3 by its sum (F4+F3) enables researchers to rule out interindividual EEG differences like individual EEG power (as a result of skull thickness for instance).
The purpose of the current study was to provide an up to date meta-analysis, further clarifying the role of FAA in MDD using a standardized approach. This is achieved by calculating a weighted mean effect size (ES) only based on original means and
A C C E P T E D M A N U S C R I P T 8 standard deviations (SDs), obtained from EEG electrode F3 and F4 only and using a more homogenous sample with clear inclusion criteria (MDD vs. non-MDD only, excluding sub-clinical samples). Furthermore, we also used data from a large crosssectional dataset (MDD: n=938, Controls: n=306) to investigate interindividual differences, and the impact of methodological aspects such as EEG montaging and use of normalization.
MATERIAL AND METHODS
A literature search was carried out in SCOPUS for the period up until February 2017, using the query "depression AND EEG OR electroencephalogram AND alpha asymmetry", which yielded 172 hits. The database search outlined above was supplemented by manual searches. To identify additional publications, we further inspected reference lists from prior meta-analyses (34) and reviews (20, 41) . PRISMA guidelines for conducting and reporting systematic reviews were followed during this analysis (42).
Studies had to meet the following inclusion criteria: calculated. The fail-safe number is the number of studies, indicating how many unpublished null findings are needed to render an effect non-significant. When the total heterogeneity of a sample (Qt) was significantindicating that the variance among ESs is greater than expected by sampling errorthe study contributing most to the significance of the Qt value was excluded from further analysis for that variable until the Qt value was no longer significant. This was done for a maximum of three iterations. If more than three studies needed to be excluded to obtain a non-significant Qt value, then other explanatory variables for the effects had to be assumed (43) and were investigated in post hoc tests.
To investigate specific interstudy differences (or a lack thereof), the cross-
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A C C E P T E D M A N U S C R I P T 10 sectional dataset of Arns and colleagues (33) was used to elucidate interindividual differences that could drive differences between studies. To this end, main and interactional effects of group, gender, age, depression severity (HRSD-17), and anxiety severity (HAM-A), were investigated through univariate ANCOVAs. To test the stability of the significant results in this paper across EEG reference montages and different FAA definitions, FAA was also analyzed after re-referencing to Cz and the linked ears from the original average reference montage.
RESULTS

Meta-analysis
A total of 214 studies were identified between January 1998 and July 2016. One additional relevant study was identified out of studies covered by an earlier meta-analysis (34) and reviews (20, 21, 41) . 
Post hoc tests
Post hoc, the influence of several potential moderators was investigated.
Detailed results can be found in the appendix. One potentially important moderator is the choice of the reference montage, which differs across the included studies. We performed post hoc tests where the relationship between study ES and reference montage was investigated. This did not result in excluding subjects diagnosed with comorbid anxiety (female responders showed greater alpha (less cortical activity) over the right frontal site, whereas nonremitters showed the opposite asymmetry).
Cross-sectional analysis
To explain the different study outcomes, we used 1244 participants (out of 1344 
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To visualize this three-way interaction, the Curve Fitting Toolbox in MATLAB Figure 5 illustrates that the direction of this effect is reversed for males and females, with relatively more left-sided FAA in depressed males, and more right-sided FAA for females. Repeating these ANOVAs by replacing severely depressed with moderately depressed yielded no significant effects.
Comparing the different reference montages in the cross-sectional dataset through multivariate ANOVA did not result in significant group differences on FAA in either montage (see figure 6A ), nor did stratification by gender, suggesting that the lack of group effects cannot be simply explained by the EEG-montage used.
To normalize interindividual differences FAA F4 minus F3 can be divided by its sum. However, most included studies calculated FAA only by the difference score F4-F3 (see table 1 ). Although two multivariate ANOVAs comparing the different methods did not yield different results of FAA in depressed and controls, the absence of sum division can result in rather large differences in raw individual FAA scores, depending on which reference scheme is applied (see figure 6B ). However, not dividing by the sum still did not render the nonsignificant group effect to significance.
DISCUSSION
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A C C E P T E D M A N U S C R I P T 16 In this meta-analysis, the diagnostic value of FAA was investigated. The small and non-significant effect size approaching zero extracted from this meta-analysis, accompanied by highly significant heterogeneity across studies, suggest that FAA is not a reliable diagnostic biomarker for MDD. Furthermore, the funnel plot in figure 3 suggests that at least 300 subjects need to be included to obtain a stable and biological plausible effect for FAA in MDD, confirming that most studies have been underpowered that investigated the diagnostic value of FAA (cf. table 1).
We could not identify a single variable that reliably explained a significant portion of the variance in FAA findings across studies. Cross-sectional analyses in the large iSPOT-D sample (33) were performed to explore possible candidate variables that have been suggested to explain differences between studies e.g. EEG reference montage, calculation of FAA with or without normalization, effects and interactions of gender, depression severity, anxiety severity, etc. A significant interaction effect of age, gender, and depression severity was found in depressed patients as visualized in figure 4 and 5, and also prospectively replicated in an independent sample (48,49). This interaction implicated more right-sided FAA (relatively more cortical activity on the left than right frontal site) in severely depressed women aged 53 years and older, in contrast to relatively more left-sided FAA in severely depressed men of the same age. This finding suggests that when unequal gender distributions, age-ranges, and depression severity are studied, this may result in nongeneralizable results. This confirms our hypothesis that a high level of heterogeneity in FAA in the depression population exists, which is in line with previous methodologically sound studies (23, 24, 26, 27, 31) . Consequently, the lack of consistency in the results is not in line with the approach-withdrawal model, which
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was hypothesized to predict a meaningful relationship between the degree of approach behavior and affect on one hand, and FAA on the other hand. Note that Davidson (36) To our knowledge, our finding, comprising three different factors (gender, age, depression severity) has not been reported before. Previous studies have not always included all three variables, or sample sizes might have been too small to detect this three-way interaction. Interestingly, a closely related interaction effect between gender and severity was recently reported by Jesulola and colleagues (55), reflecting an FAA pattern in severely depressed females, that is opposite to the traditionally hypothesized direction of FAA in MDD, which is lacking in males. Note that age was not taken into account here. Previous studies in elderly showed no group differences in FAA (32), even when controlling for depression severity (29, 47 ). On the one hand, age effects are not ruled out because increased neural heterogeneity in older adults has been found
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18 (56). Albeit, a large dataset of 6029 subjects showed that FAA does not change across the lifespan in a healthy population (57) . Furthermore, significant differences between healthy and depressed individuals were reported in younger samples from this meta-analysis (mean sample ages of 29.4 and 35.7 (18, 19) ), but most likely these studies were underpowered (see funnel plot in figure 3 ).
Therefore, the literature regarding more left-sided alpha in young and middleaged depressed cannot be explained by current results. Other explanatory variables must be assumed, as the high level of heterogeneity suggests (43).
Although the most frequently used EEG montage in the included studies is the average reference, other montages like Cz, and linked ears referencing are also common practice. Davidson (36) and by providing a more distinct topography. As the current meta-analysis contains no comparable CSD studies, we can only recommend the use of the average reference, based on our post-hoc analyses. Not only its ability to correct for strong occipital alpha, but also the topographical proximity of Cz to F3 and F4, and the possible insensitivity to subtle but meaningful differences of the linked ears reference, make the average reference the best candidate. An additional advantage is its relative insensitivity for the choice whether or not the FAA difference score (F4-F3) is divided by its sum (F4+F3), as visualized in
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19 figure 6 . This choice has considerably more effect when applied to linked ears referenced data. Although the relative difference in FAA between depressed patients and controls is similar in any combination of reference scheme and FAA measure, we recommend the use of (F4-F3)/(F4+F3). Not dividing by its sum has large consequences for the degree of negativity of FAA in both groups. Quinn (48,49) ).
This enabled us to unravel patterns that would not have become visible in a meta-analysis only, making the value of gender, age and MDD severity in relation to FAA evident, and need to be taken into account in future studies
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investigating FAA in MDD. The current data did not allow for identifying additional subgroups showing symptoms such as anhedonia, comorbid anxious apprehension, panic or social phobia, but further studying contribution of these specific clusters of symptoms to FAA, could benefit the personalization of mental health treatments. Furthermore, a few state emotion manipulations in EEG paradigms show greater FAA group differences than resting state EEG paradigms (59) . Although the number of these studies is too small to include in the current study, this method could enlarge the chance of determining subgroups. Finally, reliability and consistency of measuring FAA might be improved by EEG recording across multiple sessions, as FAA is found to be moderately stable across time (25, 60) , as originally suggested by Davidson (36) .
For a detailed and recent overview of studies on hemispheric asymmetry in depression, please see the review by Bruder and colleagues (61) .
The importance of replication of results has become increasingly evident, because many scientific claims in psychology and psychiatry are rebutted, or more intricate systems appear to be implicated. New insights suggest a different application of FAA, actually utilizing the interindividual variation in this biomarker. Figure 6 . A: Illustration of frontal alpha asymmetry (FAA) means and 95% error bars (representing standard error of the mean) for controls and depressed patients, separately for the three different EEG reference schemes. B: Similar to A, except for the calculation of FAA without dividing by the sum of F4 and F3. Note the differences based on EEG reference montage, but also that none of these methodological changes changed the overall MDD-control contrast to a significant difference, illustrating that these methodological aspects could yield different outcomes, but do not explain the lack of 'diagnostic' effect of FAA in this large sample. 
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